formate (5, 18, 35) or another key precursor (37) at Zn-decorated Cu sites.
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N oble metal (NM) catalysts critically enable many existing and emerging technologies, such as catalytic converters (1), reforming (2) , and fuel cells (3) . However, their scarcity and high cost necessitate the development of catalytic systems with reduced NM loadings, increased activity, and improved durability. In this respect, various nanostructured architectures have been investigated, including atomically dispersed NM catalysts (4), hollow nanocages (5, 6), alloyed nanoparticles (NPs) (7), and core-shell structures (8, 9) . In particular, core-shell NPs composed of an earth-abundant core coated with an atomically thin NM shell are a promising platform that offers both design flexibility and reduced precious-metal loadings. However, achieving independent control over the particle size, core composition, shell composition, and shell thickness poses a substantial challenge (8, 9) . State-of-the-art synthetic methods are predominantly limited to a few earthabundant metallic cores (e.g., Fe, Co, Ni, and Cu) that allow for more precise synthetic control; however, these metal cores form intrinsically metastable core-shell particles that restructure during heating (10) (11) (12) or electrochemical cycling (13, 14) .
Early transition metal carbides (TMCs) are earth-abundant ceramics with ideal topochemical properties for supporting precious-metal shells (15) (16) (17) . First, TMCs exhibit metallic electrical conductivity, corrosion resistance, and high melting points (18) . Second, precious metals tend to bind strongly to metal-terminated early TMC surfaces ( fig. S1 ) but cannot readily form stable carbides (19) . Thus, NMs should coat TMC surfaces but should not alloy with the underlying core. In particular, tungsten carbide (WC) is inexpensive ( fig. S2 ), exhibits a "platinum-like" density of electronic states (20, 21) , and its metal-terminated surface forms interfacial Pt-WC bonds that arẽ 90 kJ mol −1 stronger than interfacial Pt-Pt bonds ( fig. S1 ). Although experimental studies on model thin-film systems have corroborated these attractive properties (15, 22, 23) , synthetic efforts to date have not achieved TMC NPs coated with NM monolayers. Until recently, TMC NPs alone were difficult to engineer with controlled properties because their synthesis requires high temperatures (above~700°C), followed by passivation with dilute oxygen (24) . Without proper synthetic control, these conditions result in sintered TMC particles covered in both graphitic coke and an oxide surface layer. Such surface impurities preclude coreshell formation because of the unfavorable binding energies between precious metals and contaminated TMC surfaces ( fig. S1 ). We present here a high-temperature selfassembly method to synthesize size-tunable TMC NPs (<10 nm) coated with monometallic or heterometallic NM surface shells of controlled thicknesses ranging from submonolayer to multilayer coverages. These core-shell materials achieve C 1s
x 0.1 superior catalytic activity, improved stability, and reduced NM loadings as compared to state-ofthe-art commercial catalysts for electrochemical applications. They are also sinter-resistant, and the core-shell structure remains stable at high temperatures under various atmospheres. Aberration-corrected scanning transmission electron microscopy (STEM) images ( Fig. 1 ) depict the stages of the NM/TMC (shell/core) self-assembly process as a function of temperature, with Pt/WC NP formation as the representative example. In the first step, WO x NPs were impregnated uniformly with a (NH 4 ) 2 PtCl 6 salt and encapsulated in silica nanospheres via a room-temperature reverse microemulsion (RME) (Fig. 1A ). This method generated SiO 2 /(NH 4 ) 2 PtCl 6 /WO x composites with controlled NP size and Pt loading [see the supporting materials for comprehensive synthetic details (25) ].
The SiO 2 /(NH 4 ) 2 PtCl 6 /WO x composites were then subjected to a temperature ramp under a 15% CH 4 /85% H 2 flow (Fig. 1, B to D) . At temperatures lower than 200°C, H 2 permeated through the silica nanospheres (24) , reducing the encapsulated Pt salt into Pt nanoclusters over the WO x domains (Fig. 1B  and fig. S3 ). By 600°C, the central WO x NPs underwent reduction, forming metallic mixtures of Pt and W that were trapped within the silica nanospheres ( Fig. 1C and figs. S3 and S4 ). Near 900°C, these small metallic clusters sintered to form single central NPs, while C from methane decomposition intercalated into the W-rich domains, forming WC (Fig. 1D) . Because NMs are insoluble in TMC lattices, Pt phase-segregates from the WC domains and wets the central carbide core as an atomically thin shell, resulting in the selfassembly of uniform core-shell NPs as determined by an energy-dispersive x-ray spectroscopy (EDX) map and line scan (Fig. 1E) . The silica template was dissolved, and the resulting NPs could then be dispersed in solution with or without a capping agent ( fig. S5 ) or onto a high-surface-area matrix (Fig. 1E) . The final Pt/WC particle size and Pt shell thickness were controlled by engineering the WO x NP size and (NH 4 ) 2 PtCl 6 loading in the RME before silica encapsulation and carburization.
Silica encapsulation is critical for controlling core-shell NP formation. In Fig. 2 , A to C, we compare two carbon-supported NM/TMC materials, one with silica encapsulation [denoted as Pt C-S , 28%Pt/72%Ti 0.1 W 0.9 C supported at 28 weight % (wt%)], and the other without silica encapsulation (denoted as Pt direct , 20%Pt/80% Ti 0.1 W 0.9 C supported at 20 wt%). Because TiC is the most electrochemically stable carbide (26), a bimetallic TiWC core was used to enhance stability without affecting the WC lattice parameter by more than 1%. The powder x-ray diffraction (PXRD) pattern for Pt C-S shows reflections consistent with phase-pure face-centered cubic (fcc) WC [powder diffraction file (PDF) no. 00-020-1316] without additional fcc Pt reflections (PDF no. 00-004-0802), whereas the pattern for Pt direct exhibits distinct, sintered fcc Pt crystallites (Fig. 2A) . These data are consistent with core-shell formation for Pt C-S but Pt phase-segregation for Pt direct . In addition, Pt C-S showed a difference between the bulk and surface Pt:TiW ratios [28 versus 49%, as determined by inductively coupled plasma mass spectrometry (ICP MS) and x-ray photoelectron spectroscopy (XPS), respectively]. This surface ratio enhancement is indicative of Pt monolayers screening a TiW-rich core. In contrast, such surface screening was not observed for Pt direct , where the bulk and surface Pt:TiW ratios were 20 and 18%, respectively.
Silica encapsulation prevented undesirable coking during carburization, as verified by a sixfold lower C-to-metal surface ratio for Pt C-S as compared to Pt direct (Fig. 2B) . Characteristic graphitic coke fibrils and sintered particles encapsulated in 4 to 5 nm of graphitic coke are visible in the TEM images of Pt direct (Fig. 2C ). In contrast, Pt C-S shows well-dispersed crystalline NPs with a uniform particle size distribution (PSD) of 6 to 8 nm and the absence of detectable coke layers. A heterometallic 27% Pt 0.67 Ru 0.33 /73% Ti 0.1 W 0.9 C material (denoted PtRu C-S ) was synthesized analogously to Pt C-S (Fig. 2C and figs. S6 to S8). Although Ru could partition into the carbide core because it is less noble than Pt, STEM-EDX mapping (Fig. 2D) and XPS (fig. S7 ) indicate a core-shell structure with a Ru-enriched surface.
We compared the electrocatalytic properties of Pt C-S and PtRu C-S (8 wt% NM) to 20 wt% carbon-supported commercial (Premetek) electrocatalysts, denoted as Pt comm and PtRu comm , using gas diffusion electrodes (GDEs) (Fig. 3A) and rotating disk electrodes (RDEs) (Fig. 3, B The reactivity and stability of Pt C-S and PtRu C-S were characterized by using density functional theory (DFT) and various probe reactions, including hydrogen evolution (HER), hydrogen oxidation (HOR), HOR under CO contamination, and methanol electrooxidation (MOR). Both Pt C-S and PtRu C-S exhibited improved specific activity for HER and HOR, indicating that TiWC cores are excellent supports for NM monolayers and can favorably alter catalytic activity. Despite a 60% reduction in NM loading, Pt C-S and PtRu C-S exhibited a symmetric activity profile during HER and HOR linear sweep voltammetry (LSV), similar to that for the commercial catalysts (Fig. 3A) . Both core-shell materials exhibited HER and HOR Tafel slopes of~30 mV dec −1 even after 10,000 cycles between -50 and 600 mV (table S2 and figs. S12 and S13). At an HER overpotential of 50 mV, both core-shell materials showed a fourfold improvement in specific activity and a threefold improvement in mass activity over the commercial catalysts (table S3) and maintained this enhancement after cycling.
Enhanced catalytic activity was corroborated by DFT calculations for thermally equilibrated Pt/ TiWC slabs. Specifically, our calculations indicate Fermi level matching with Pt, which translates to minimal alterations to the work function of surface Pt by subsurface TiWC (27) (figs. S14 and S15), but show that the d-band center for a twomonolayer Pt shell downshifts from -2.7 to -2.8 eV (fig. S16 ). This downshift provides access to potentially favorable surface properties, such as a substantial weakening of the CO binding energy by~40 kJ mol −1 (28) . In turn, this effect can increase the tolerance of Pt C-S and PtRu C-S toward CO poisoning, thereby overcoming a major challenge afflicting the performance of industrial Pt-based catalysts in many electrochemical applications (11, 28) . Indeed, HOR experiments performed in the presence of high CO concentrations confirm that the TiWC cores mitigate poisoning on Pt and PtRu monolayers. Specifically, although 1000 parts per million of CO contamination markedly increased the HOR onset potential by~400 mV for PtRu comm (Fig. 3B) and by~200 mV for a state-of-the-art Pt/ PtSn catalyst (29) , both Pt C-S and PtRu C-S catalyzed HOR with an overpotential as low as 50 mV. Under pure CO, both Pt C-S and PtRu C-S achieved a~200 mV lower onset potential and a 30-fold enhancement in specific activity for CO electrooxidation at 400 mV when compared to the commercial catalysts ( fig. S17) .
By decreasing the CO binding strength, the TiWC core is responsible for enhancing the MOR kinetics observed for Pt C-S as compared to Pt comm . The former features a higher specific activity over a wide potential window and a~100 mV lower onset potential than Pt comm (Fig. 3, C and D, and  fig. S18 ). Ru is known to improve the MOR performance of Pt at low overpotentials via a bifunctional mechanism (30) . Despite extensive efforts in the literature, little improvement in the activity and durability of MOR catalysts has been demonstrated over commercial PtRu/C in acidic media (31) . Whereas both PtRu C-S and PtRu comm achieve a low onset potential of~250 mV, PtRu C-S displays a higher steady-state turnover frequency (TOF) of 15.9 min −1 at 0.6 V as compared to 3.6 min −1 using PtRu comm (table S4) , further evidencing the favorable activity modulation achievable using a TiWC core. PtRu C-S also demonstrates enhanced stability as compared to PtRu comm (Fig. 3E and figs. S19 and S20). After 10,000 cycles, PtRu comm lost more than 50% of its steady-state activity at 0.35, 0.40, and 0.45 V, whereas the PtRu C-S activity decreased by only 35% at these potentials and actually improved at 0.6 V. A simple 2-min alkaline dip partially regenerated the activity of PtRu C-S at all potentials but had no appreciable benefit for PtRu comm . Specifically, after regeneration, the overall loss in activity at 0.45 V was 18 and 55% for PtRu C-S and PtRu comm , respectively. The final TOF at 0.6 V after 10,000 cycles and regeneration was 25. 10,000 cycles (Fig. 3F) . HR-STEM and EDX mapping of Pt C-S after stability cycling show a highly crystalline composite NP with an intact Pt shell and a well-alloyed TiWC core (Fig. 3F and fig. S21 ). We attribute the improved stability of the coreshell materials to the strong NM-TMC interfacial bonds and to the lower surface free energies of large NPs relative to the surface free energies of ultrasmall NPs. These results demonstrate the ability of our method to reformulate a classic bimetallic NM catalyst, such as PtRu, into an architecture that preserves the complexity of the original bimetallic surface chemistry while favorably modulating catalytic performance through subsurface strain and ligand effects. As a class of materials that breaks the traditional metal-adsorbate scaling relations for transition metals (32), TMCs not only serve as promising core candidates to reduce NM loadings but could favorably affect catalytic activity for industrially relevant reactions, such as HOR, MOR, water-gas shift, or methanol synthesis, in which CO coverage effects deeply influence catalyst performance. The high-temperature self-assembly process used here permits comprehensive control of the entire core-shell architecture for a variety of early and late transition metals (Fig. 4) . Using TiWC cores, we synthesized NPs of controlled sizes (3 to 10 nm) with mono-and bimetallic shell compositions using mixtures of Ru, Rh, Ir, Pt, and Au ( Fig. 4A and (Fig. 4 , B and C, and figs. S28 and S29). Although NM interfacial bond formation and stability were not explored on all possible TMC core formulations, our data suggest broader applicability of the method for synthesizing a variety of NM/TMC combinations.
For Au, Pt, and PtAu monolayers self-assembled on TiWC cores, the RME method also allowed control of the NM shell thickness from submonolayer [~0.5 monolayer (ML)] to multilayer (~3 ML) coverages (Fig. 4D) . For each material, the extent of the XPS-determined surface NM:TiW ratio enhancement over the ICP-determined bulk NM: TiW ratio correlated with the monolayer coverage, ranging from 1 to 3% at submonolayer coverages to 10 to 20% screening at multilayer coverages (table S5) . Unlike Au surfaces, the surface of Pt passivates under ambient conditions with a PtO layer, which is detectable as Pt 2+ with XPS. As the monolayer coverage decreased for the Pt/TiWC system (Fig. 4D, spectra f to d) , the Pt 4f signals shifted to higher binding energies, reaching 72.3 and 75.7 eV for the submonolayer sample (denoted as Pt sub-ML ). The presence of only PtO is consistent with submonolayer coverage, and such materials could have important applications in thermal catalysis, where both WC and Pt surface functionalities are accessible for catalytic transformations. When Pt sub-ML was supported on carbon and heated to 400°and 600°C in different atmospheres (H 2 , dry N 2 , or H 2 Osaturated N 2 ), neither sintering nor discrete fcc Pt crystallites were detectable when using TEM and PXRD, and an enriched Pt:W ratio showing only Pt 2+ surface species was observed with XPS (figs. S30 to S33). Collectively, TMC NPs coated with NM monolayers offer new, highly tunable pathways for decreasing NM loading requirements while increasing activity and stability in thermo-and electrocatalysis.
